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Topological insulators/semimetals and uncon-
ventional iron-based superconductors have at-
tracted major attentions in condensed matter
physics in the past 10 years1–6. However, there is
little overlap between these two fields, although
the combination of topological states and su-
perconducting states will produce more exotic
topologically superconducting states and Majo-
rana bound states (MBS), a promising candidate
for realizing topological quantum computations.
With the progress in laser-based spin-resolved
and angle-resolved photoemission spectroscopy
(ARPES) with very high energy- and momentum-
resolution, we directly resolved the topologi-
cal insulator (TI) phase and topological Dirac
semimetal (TDS) phase near Fermi level (EF ) in
the iron-based superconductor Li(Fe,Co)As. The
TI and TDS phases can be separately tuned to EF
by Co doping, allowing a detailed study of dif-
ferent superconducting topological states in the
same material. Together with the topological
states in Fe(Te,Se)7,8, our study shows the ubiq-
uitous coexistence of superconductivity and mul-
tiple topological phases in iron-based supercon-
ductors, and opens a new age for the study of
high-Tc iron-based superconductors and topolog-
ical superconductivity.
High-Tc iron-based superconductors have multiple
bands near EF , which increases the difficulty for the
understanding of the unconventional pairing. On the
other side, it also produces rich electronic phases, of
which a recent example is the TI phase at EF in the
iron-based superconductor Fe(Te,Se)7, which provides
a simple solution to realize 2D topological supercon-
ductivity and MBS, rather than the complex low-Tc
heterostructures9–12. It is predicted that this topologi-
cal state will produce a phase transition between topo-
logical superconductivity and trivial superconductivity
with EF shifting
13, which could be useful to optimize
the topological superconductivity. In addition, another
TDS phase slightly above EF has also been unveiled
by spin-resolved ARPES (SARPES) and magnetoresis-
tance measurements8. Further studies on the above top-
ics would require to dope the material, which is difficult
for Fe(Te,Se). In this paper, we focus on the iron-based
superconductor LiFe1−xCoxAs, whose Fermi level can be
easily shifted by Co doping without affecting the quasi-
particle coherence14–16. Similar to that of Fe(Te,Se), a
TI phase near EF also exists, consistent with the first-
principles calculations. Furthermore, we directly ob-
served the TDS phase with x = 9% sample in the ARPES
measurement. Our study proves the universality of topo-
logical states in iron-based superconductors and provides
a simple platform to realize tunable and possibly multiple
topological superconducting states.
Normal insulator (NI), TI and TDS are three different
topological phases. From the view of the band struc-
ture, if there is no band inversion in whole BZ, the ma-
terial will be a normal insulator, with no spin-polarized
surface states, as displayed in Fig. 1(a). In a simple
case, if there is a single band inversions in the whole BZ,
the material will be topologically non-trivial, with spin-
polarized Dirac-cone band. In a TI, the bulk band gap
leads to well-defined surface states, with explicit spin he-
licity [Fig. 1(b)]. Instead, in a TDS, the band crossing
is protected by the crystal symmetry, and the surface
Dirac band generally overlap with the bulk Dirac band
on the (001) surface17,18. The spin-polarization magni-
tude of the (001) surface states generally show a gradual
increase with the increased distance from the Dirac point,
as shown in Fig. 1(c). The three phases may coexist and
appear in one material.
In the previous papers, we show that there are band
inversions between pz and dxz/dyz bands in Fe(Te,Se),
resulting in TI and TDS phases7,8,13,19. Here we fur-
ther check the band structure of the four major classes
of iron-based superconductors, focusing on the band
inversions of pz and dxz/dyz bands along kz. The
separations between the adjacent FeAs/FeSe layers ∆d
are 8.741, 6.508, 6.364 and 5.955 for LaOFeAs (1111),
BaFe2As2 (122), LiFeAs (111) and FeTe0.5Se0.5 (11),
respectively5,19. This separation directly determine the
interlayer pp coupling, which will affect the band width of
the pz band along ΓZ
19. The parameter ∆d for LaOFeAs
is much larger than and other three systems BaFe2As2,
LiFeAs and Fe(Te,Se), resulting in a small pz disper-
sion for LaOFeAs but large pz dispersions for BaFe2As2,
LiFeAs and Fe(Te,Se). In Fig.1(d - g), we display the
band structures of the four classes, where the size of red
circles represent the weights of As/Se pz orbital. It is
clear that along the ΓZ direction there is no band in-
version for LaOFeAs, but there are band inversions for
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2FIG. 1. Different topological phases and band structures of iron-based superconductors. (a - c) The out-of-plane
dispersion and the corresponding surface spectrum, for NI (a), TI (b) and TDS (c). We overlapped the spin-polarized surface
spectrum (blue and red) on top of the surface spectrum (grey). (d - g) Band structures of LaOFeAs, BaFe2As2, LiFeAs and
FeTe0.5Se0.5, respectively. No band inversion between pz and dxz/dyz is found in LaOFeAs, while there are band inversions in
BaFe2As2, LiFeAs and FeTe0.5Se0.5.
BaFe2As2, LiFeAs and Fe(Te,Se). However, the existence
of band inversions should be checked by experiments.
In quasi-two dimensional family and 2D thin films, such
as Fe(Te,Se) film, band inversion can happen at both Γ
and Z points. The inplane lattice parameter a (or Se/Te
height) affects the intralayer pd coupling and determine
the position of pz band at Γ. By reducing the param-
eter a (increasing the Se/Te height), pz band can sink
below dxz/yz band at Γ, generating a band inversion and
realizing a 2D topological insulator phase20,21
Compared to BaFe2As2, LiFeAs has no magnetic and
structural transitions and it is easy to dope electrons with
Co. Thus we focus on the band structure of Li(Fe,Co)As.
Band inversion in LiFeAs and NaFeAs has been resolved
in previous papers19,22. However, the related topological
states are still unclear due to the low resolutions. The
laser-based high-resolution ARPES and SARPES make
it possible to directly resolve the topological states. The
crystal structure is shown in Fig.2(a). Since the Li atoms
are quite close to the FeAs plane, the lattice parameter c
is comparable to that of Fe(Te,Se). Thus a large pz dis-
persion is also present in LiFeAs, as shown in the zoom-in
view of the band structure along kz in Fig.2(b). Since the
pz band has a “−” parity, while α, β and γ bands all have
a “+” parity, there are multiple band inversions. The real
crossing between β band and pz band produces a TDS
phase, while the voided crossing between α band and pz
band produces a TI phase. The bulk Dirac cone from
TDS phase can be seen from the in-plane band structure
at Cut D, as shown in Fig.2(c). The surface Dirac cone
from both TI and TDS phases can be seen from the (001)
surface spectrum in Fig.2(d). In the surface spectrum,
all dispersions at different kz of one band will show up.
Since bulk bands have kz dispersions and surface bands
do not, the bulk bands generally appears as broad con-
tinuums and the surface bands appear as sharp features.
In Fig.2(d), The α and β band tops and whole pz band
appear as broad and weak continuums due to their kz
dispersions, while the the two surface Dirac cones from
TI and TDS are very sharp.
In Fe(Te,Se), only TI phase is directly observed,
while the TDS phase is confirmed by some indirect
evidences7,8. Instead, here we observed both TDS and
TI surface Dirac cones from ARPES experiment on
Li(Fe,Co)As. The ARPES band structure of Li(Fe,Co)As
with 3% Co is displayed in Fig.2(e). Despite the sur-
face Dirac cone from the TI phase observed previously
in Fe(Te,Se)7, the second surface Dirac cone from TDS
phase, which is above EF , shows up in the ARPES spec-
trum after dividing the corresponding Fermi function.
We further checked Li(Fe,Co)As sample with 9% Co,
and display in Fig.2(f). As expected, the TDS surface
cone shifts down and the full cone clearly shows up, di-
rectly confirming the existence of the TDS phase. The
bulk band tops of α and β bands are not visible either
in Fig.2(e) or Fig.2(f), similar to the calculated surface
spectrum in Fig.2(d), which means that the 7-eV laser-
ARPES spectrum of Li(Fe,Co)As is better described by
3FIG. 2. Electronic structure of Li(Fe,Co)As. (a) Left: Crystal structure of Li(Fe,Co)As. Right: High symmetry points
in the 3D BZ and (001) surface BZ. (b) Zoom-in view of the LiFeAs band dispersion along ΓM and ΓZ. The red color marks
the dxz/dyz bands, and the blue color marks the pz band. The marker size relates to the weight of the pz orbital character.
The real crossing between β band and pz band produces a TDS phase, while the voided crossing between α band and pz
produces a TI phase. The crossing between γ band and pz band also produces a TDS phase far above EF . (c) In-plane band
structure at Cut D, where the bulk Dirac cone of the TDS phase is shown. (d) (001) surface spectrum of LiFeAs. There is
a large broadening in the spectrum at the α and β band tops with reduced intensity, due to the kz dispersion. (e) ARPES
intensity plot of LiFe1−xCoxAs (x = 3%) at 15 K, with p-polarized photons. The spectrum is divided by the corresponding
Fermi function. (f) ARPES intensity plot of LiFe1−xCoxAs (x = 9%) at 10 K, with p-polarized photons. The two Dirac cones
are similar to the ones in the calculated surface spectrum in (d).
the surface spectrum, rather than the bulk band struc-
ture at a specific kz.
As we show in Fig.1(b,c), both TI and TDS surface
Dirac cone should be spin polarized. Thus we can use
SARPES23 to double check their surface nature. As
shown in Fig.3, we measured three different compositions
of LiFe1−xCoxAs with SARPES. The spin-integrated
band structures are the same as the ones in Fig.2, ex-
cept some intensity difference induced by the experimen-
tal geometries (Supplementary Information). A pair of
spin-polarized EDCs along ky was measured, with the
EDC positions illustrated in Fig.3(b, f, j). We first focus
on the spin polarization of the TI Dirac cone, which can
be obtained from both x = 3% and x = 9% samples, as
shown in Fig.3(a - d) and (e - h). In both samples, the
lower part of the cone (position A) shows opposite spin
polarization with the upper part (position B), and the
left part of the cone (Cut 1 and Cut 3) shows opposite
spin polarization with the right part (Cut 2 and Cut 4),
as expected for the spin-polarization from a Dirac cone.
The direction of the spin polarization indicates that the
Dirac cone has a left-hand helicity, the same as that of
Fe(Te,Se) and most TI. As we discussed in Fig.1, the
TDS surface Dirac cone is similar to that of TI, whose
spin polarization can be obtained from both x = 9% and
x = 12% samples, as shown in Fig.3(e - h) and (i - l). We
notice that the lower part of the TDS surface cone shows
very weak intensity [Fig.3(e, i)], and thus focus on the
spin polarization of the upper part (position C). In the x
= 9% sample [Fig.3(g - h)], a weak spin-polarization at
position C is resolved. In the x = 12% sample [Fig.3(k
- l)], a pair of EDCs more distant from the conal point
is measured and a larger spin polarization is observed.
These results are consistent with the model calculations
in Fig.1(c): The spin polarization magnitude of the TDS
surface cone is smaller near the conal point, while larger
far from the conal point. The experimental spin polar-
izations of the TI and TDS surface cones are summarized
in Fig.3 (b, f, j). The spin polarizations confirm that the
two Dirac cones indeed come from the surface states.
The multiple topological phases in iron-based super-
conductors provide a prefect platform for the combined
study of topological states and high-Tc superconductiv-
ity. In the x < 3% samples, the topological surface
state of TI phase crosses EF , and the surface becomes
2D topologically superconducting when T < Tc, due to
the s-wave pairing in bulk9. By changing the Co con-
centration, it is possible to study the topological super-
4FIG. 3. Spin polarization of the surface Dirac cones from TI and TDS phases in Li(Fe1−xCox)As. (a) Intensity
plot along kx for the x = 3% sample, with p-polarized photons. (b) Sketch of the spin-polarized surface bands along ky. The
blue and red colors stand for opposite spin polarizations, as confirmed by the data in (c - d). We measured spin resolved EDCs
at the cuts indicated by cyan (Cut 1) and pink (Cut 2) lines. The two lines are also duplicated in (a) as dashed lines. Note that
the two cuts in (b) are at different ky, which is to avoid the intensity asymmetry in (a) (Supplementary Information). Because
of the C4 symmetry, the band structures along ky and along kx are the same, despite the intensity difference. (c) Spin-resolved
EDCs at Cut 1 (c1) and Cut 2 (c2), respectively. (d) Spin polarization at Cut 1 and Cut 2. The spin along x direction is
measured. A and B correspond to the positions indicated in (b). (e - h) Same as (a - d), but for samples with x = 9%. (i - l)
same as (a - d), but for samples with x = 12%.
conducting phase transition proposed in Ref. 13. On the
other side, in the x ≥ 9% samples, the Dirac cone of TDS
phase crosses EF , which may likely induce a bulk topo-
logically superconducting state, as a consequence of the
orbit-momentum locking8,24,25. In Li(Fe,Co)As, there
are trivial bulk bands overlapping with the topological
states, which thus can couple with the Dirac bands. It is
argued that this coupling can help to stabilize the topo-
logical superconductivity over a larger range of doping26.
Further theoretical and experimental studies are needed
to understand these interactions.
Our findings of the topological states in Li(Fe,Co)As,
together with that in Fe(Te,Se), prove the ubiquitous ex-
istence of topological phases in iron-based superconduc-
tors. The simple structure, multiple topological phases
and easily tunable EF make Li(Fe,Co)As single crystal an
ideal platform for the study of topological superconduc-
tivity and MBS, and may eventually advance the research
of topological quantum computations.
Methods
High quality single crystals of LiFe1−xCoxAs were syn-
thesized by self-flux method. All the ARPES measure-
ment are based on 6.994-eV laser. The high resolution
ARPES measurements were performed on a spectrom-
eter with a VG-Scienta R4000WAL electron analyzer.
The energy resolution of the system was set to ∼ 5
meV. The spin-resolved ARPES measurements were car-
ried out with twin very-low-energy- electron-diffraction
(VLEED) spin detectors. The energy resolution for the
spin-resolved mode was set to ∼ 6 meV for x = 3% and
9% samples, and ∼ 12 meV for x = 12% sample.
Our Density functional theory calculations employ the
5projector augmented wave method encoded in Vienna
ab initio simulation package27–29, and the local density
approximation for the exchange correlation functional is
used30. Throughout this work, the cutoff energy of 500
eV is taken for expanding the wave functions into plane-
wave basis. In the calculation, the Brillouin zone is sam-
pled in the k space within Monkhorst-Pack scheme31.
The number of these k points depends on materials: 11
× 11 × 5 and 9× 9 × 9 for LaOFeAs, LiFeAs, Fe(Te,Se)
conventional cells and BaFe2As2 primitive cell, respec-
tively. The spin-orbit coupling was included in the self-
consistent calculations of electronic structure.
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